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PREFACE 

This i s  the second semi-annual report  t o  be issued on g r a n t  

no. NGR 26-001 -01 8,  ent i  t l  ed: "Lumi nescence of Nucleic Acids and Nucleic 

Acid-Bound Dyes", f o r  a g r a n t  period of one year beginning September 1 ,  

1973. 

o f  the l i t e r a t u r e  i n  the f i e l d ,  identifying promising avenues of 

investlgation and prospective applications of new tcchnology, and 

in i  t l a t i n g  an untried course o f  experimental investigation. Dur ing  

this period a l l  o f  these aims have been met. 

The work described i n  th is  report  is  the sole e f f o r t  of the 

principle invest igator ,  applying 10% of his time above his acadeinic 

commitments d u r i n g  the academic year, September 1973 t o  May 1974,and 

100% d u r i n g  two and one-half months, June 1974 t o  A u g u s t  1974. The 

former represents 25% o f  the project research time avai lable ,  d u r i n g  

which the  l i t e r a t u r e  survey and part of i t s  evaluation was completed; 

d u r i n g  the l a t t e r  period fur ther  evaluation and  research decisions 

and preparations were made and experimental investigation o f  novel 

acr idine dyes was undertaken. 

The major e f f o r t  during t h i s  period was expended towards a review 

This report  consists of two parts. Par t  A is a summary of  the 

l i t e r a t u r e  survey, the products of which is  s t i l l  undergoing s i f t i n g  and 

study. 

of the  experimental investigation. 

Par t  B describes the theme, the direct ion and the ear ly  results 

Notice has been received of continuation g r a n t  support for another 

year ,  w h i c h ,  appropriately , wi 11 a1 1 ow f o r  proper expl o ra t ion  and 

development o f  nucleic acid-selective ta i lored  acr idines ,  which should 

serve as macromolecular conformation probes. 

--. I i  . '. 
br. Frank Mill ich,  Principle Investigator 
Professor o f  Chemistry, 
Polymer Chemistry Section 
University of  Mi ssouri-K.C. 



TECHNICAL REPORT 

Part  A .  Literature  Survey 

I .  SUMNARY 

The literature survey has collected pertinent a r t i c l e s  of 

s tudies  of dye--nucleic acid interactions.  

found t o  undergo profound binding with nucleic acids (c.f. 11-D). Of 

Several c lasses  of dyes a r e  

these,  e thidium bromide and acridine orange represent the best fluorescence 

indicators f o r  evaluating the presence of nucleic acids a t  low concentrations. 

The fluorescence of ethidium bromide undergoes a 25-fold increase i n  

in tens i ty  upon b i n d i n g  to  nucleic acids.  

Several acr idines ,  such as proflavin,  show a diminution of 

fluorescence upon  binding. These dyes, however, will s t a i n  the nuclei of 

biological c e l l s  i n  v i v o ,  and would be very va?uable i f  the b i n d i n g  e f f ec t  

on fluorescence could be overcome. A remarkably h i g h  detection s e n s i t i v i t y  

i s  claimed fo r  the binding of ce l lu la r  nucleic acids by acr idine orange. 

This l a t t e r  dye has been much studied. 

Acriflavin and e th id ium bromide are comnercial l y  employed a s  

trypanocides. Other drugs , such as te t racycl ines ,  a1 so deserve future  

study a s  fluorescence probes of dye-nucleic acid in te rac tan ts ,  since 

1 i te ra ture  reports of fluorometry of various nucleus-binding drugs i s  

sparcc and skimpy. 

Improvement i n  the present s t a t e  o f  a f f a i r s  appears t o  l i e  i n  the ' 

area , aside from the inspection of those new nucleus-binding drugs  which 

f luoresce,  of the synthesis of new acr idine and ethidium bromide analogs. 

A chemical s t ruc tura l  fea ture  among most of the dyes which b ind  nucleic acids 



strongly i s  present i n  3,6-diarninoacridines, which contributes b o t h  t o  good 

fluorescence and t o  e f f e c t  strong nuclear binding. 
;VQ 

Appropriate subs t i tu t ion ,  

based on the 3,6-diaminoacridine s t ructural  core, seems t o  hold the most 

immediate promise of new dyes which would maximize the desired b i n d i n g  and 

luminescence properties.  Part  6 o f  this report  i s  based on an extension 

of t h i s  conclusion. 

11. LITERATURE DIGEST 

A thorough l i t e r a t u r e  search was undertaken t o  compile and d iges t  

a bibliography of reported studies of luminescence of nucleic acids and 

nucleic acid-bound dyes. The l i t e r a t u r e  search was conducted in three 

phases, as follows: 

Phase I. Search of Chemical Abstracts from 1946 t o  the present,  including 
recent unbound,  non-indexed issues, f o r  a l l  apparently relevant 
c i t a t ions ,  represents the main entre  t o  the l i t e r a t u r e .  
anci 1 lary sources have a1 so been consulted. A searcher ' s record 
was kept of citations.  

Other 

Phase 11. All c i t a t ions  of Phase I were checked t h r o u g h  abs t rac ts  o r ,  when 
i n  d o u b t ,  by reference t o  the or iginal  papers. The abs t r ac t s  of 
pertinent papers were recorded f o r  future  purposes. 

Phase 111. Original papers have been collected fo r  experimental d e t a i l s  of 
value fo r  analysis ,  tabulation or summary. 

Phase I, completed for nucleic acids ,  employed the keywords: 

luminescence, fluorescence, fluorimetry, phosphorescence, s c i n t i l  l a t i o n ,  

nucleic acids-deoxyribo, nucleic acids-ribo, nucleosides, nucleotides, books, 

Phase I1 resulted i n  the selection of 256 abstracts .  The completion of 

Phase I1 allowed g roup ing  i n t o  subjects su f f i c i en t  f o r  the formation o f  

decisions on the experimental program. 

paper f o r  a substantive grasp of the f i e l d  i s  a slower process, w h i c h  will 

continue i n t o  the experimental phase, over the course o f  the e n t i r e  grant  

period. 

However, analysis  of d e t a i l s  of each 
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11. SUMMARY 

The major goal i n  reviewing the l i t e r a t u r e  on the luminescence of 

nucleic acids i s  t o  ident i fy  systems which will lend themselves t o  a n  analytical  

determination of these biopolymers. The desirable  features  of an analyt ical  

procedure a re  tha t  i t  be simple and  applicable t o  automatic instrumental operation, 

t h a t  i t  be highly sensitive, and t h a t  i t  be s p e c i f i c .  The literature i s  b e i n g  

canvassed for  the best known methods, and f o r  clues t o  methods worthy of fur ther  

examination and development. The l i t e r a t u r e  search indicates  t h a t  one of the 

necessary c r i t e r i a ,  i .e. h i g h  s ens i t i v i ty ,  i n  a fluorometric assay is  achievable 

by presently known methods. 

A.  Luminescence o f  Biopolymers i n  the Cell. 

The f i rs t  investigation showed t h a t  c e l l s  of microbial, p lan t ,  and 

animal o r i g i n  exhibi t  intense ultraviolet luminescence on exci ta t ion a t  2 5 0 -  

280 nrn. ( l ) *  The protein content of nucleoprotein and re la ted  c e l l u l a r  mater ia ls  

i s  mainly responsible fo r  absorbed quanta of this wavelength range, and present 

evidence indicated t h a t  the or igin o f  u l t r av io l e t  fluorescence is  protein,  and 

i n  par t icu lar  largely due t o  tryptophan. 

RNA, and DNA from the ce l l  has been shown t o  be connected w i t h  a sharp reduction 

A l t h o u g h  the removal of f r e e  nucleotides 

of the luminescence, nucleic acids a t  room temperature and physiological pH show 

negligible native luminescence, especially when properly purif ied.  

t h a t  nucleic ac id  components--guanine and adenine--fluoresce i n  highly ac id ic  

I t  i s  known 

media , and energy t ransfer  produces phosphorescence and thermol uminescence erni ssion 

a t t r ibu tab le  t o  the presence of thymidine. 

reviewed i n  d e t a i l .  ( 2 ) .  I t  has been established t h a t  ce l l  luminescence is  t i ed  

Such native luminescence has been 

t o  the functional s t a t e  of the ce l l .  T h u s ,  c e l l s  of d i f f e ren t  t i s sues  d i f f e r  
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in t h e i r  luminescence; luminescence i s  a l te red  by a change i n  the functional 

physiological s t a t e  of thc c e l l ,  a n d  conversion of the ce l l  t o  the pathological 

s t a t e  is  accompanied by corresponding changes\ in luminescence. 

The desirable  goal of h i g h  s e n s i t i v i t y  i n  a luminometric assay method 

f o r  nucleic acids will  be met more eas i ly  by the 'involvement of dyes t h a t  i n t e r a c t  

with nucleic acids ,  ra ther  t h a n  by the native-luminescence of c e l l s .  

B. Fluorescent conjugates of Nucleic Acids. 

Nucleic acids have been tagged by reaction w i t h  a f luorescent  dye. The 
;s *&+ C L d  c;S?,c?rS 

proccdurc,of Zamecnik, e t  al,h(3), by convcrting the ribose of the tdriiiinal nuclc- 

oside t o  a dialdehyde by treatment w i t h  periodate,  and then condenssng w i t h  the 

amino group of a 'dye, such as acr i f lav in .  However, t h i s  process introduces only 

one acr i f lav in  label i n to  a polynucleotide molecule, and thus places l imi t s  on 

the achievable maximum fluorescence in t ens i ty ,  although the method has general 

appl icabi l  Sty ant/ i s  important  f o r  monitoring :intramolecular transitions and 

molccular interactions o f  polynucleotldes, since inany parameters of fluorcsccnce, 

e.g. polar izat ion and q u a n t u m  y ie ld ,  are influenced by such changes. 

C .  Indirect  methods. 

Histones, protamines, phosphatases and other  substances a re  often closely 

Methods can be evolved, based on such i n v o l v e d  w i t h  c e l l u l a r  nucleic acids. 

substances and many c l in i ca l  assay methods e x i s t  of this k ind  ( 4 ) .  The use of 

a fluorogen, e.g. r i b o f l a v i n  phosphate ,  provide3 a degree of freedon w i t h  regard 

t o  the question o f  fluorescence in tens i ty ,  since a phosphatase enzyme may convert 

many molecules of the fluorogen, thus, mu1  t ip ly ing  i t s  presence rrany times over. 

However, from the p o i n t  of spec i f ic i ty ,  such methods su f fe r  from being ind i r ec t ,  

adding a measure o f  in te rpre ta t ion  and r u n n i n g  the risk o f  f a l s e  posi t ive indicat ions.  

Further, the enzyme would be present i n  considerably lower concentration than 

the nucleic acid . i t s e l f .  Nore promising i s  the exploi ta t ion of  the s t r o n g  

binding o f  dyes t o  nucleic acids. 

d i r e c t  



7. 

D. Direct dye-binding t o  nucleic acids. 

Many basic dyes bind so strongly t o  nucleic acids t h a t  they a rc  

mutagenic. 

which perini t s  in-vivo nuclear staining. 

l i ve  c e l l s  w i t h  f luorescent dyes has been reviewed ( 5 ) .  B i n d i n g  o f  dyes t o  

fiucleic acids takes place by more than one process; there  i s  strong binding 

coninonly considered t o  occur by in te rca la t ion ,  and there  i s  weak b i n d i r , g  by 

e l e c t r o s t a t i c  a t t r ac t ion  of the dye niolecules t o  the  outside of the polyncr. 

Of these dyes some show a good f a c i l i t y  of pcrmcatfng c e l l  membranes 

The general procedures f o r  s ta in ing  

In 

strong b i n d i n g ,  u p  t o  one dye molecule per 4-5 nucleotides r a y  be fourxl bound ;  

i n  external b i n d i n g ,  as many cationic dye molecules wili  bindnnqat ive phosphate 

groups t o  the  p o i n t  of e l e c t r i c  neutrali ' ty. 

A'/ a 4 &k,& )+$& 

There i s  a l so  aye-to-dye ag5regation 

which can increase the amount of dye binding i n  the  l a t t e r  s i t ua t ion ,  b u t  thSs 

may be accompanied by metachromatic changes i n  the  dye absorption and luminescence 

spectra, often occuring w i t h  a loss  i n  fluorescence eff ic iency.  At higher concen- 

t r a t ions  c e l l  coniponents other than the nucleus take u p  the penetrating dyes. 

Among the well known dycs, which Iravc bccn uscd f o r  many years f o r  v i t a l  

s ta ining i n  microscopy are  methylene blue ( M B ) ,  ac r id ine  orange ( A O ) ,  eosin ( E S ) ,  

neutral red ( N R )  pyronine ( P N ) ,  toluidine blue (TC), a s  well as colored an t ib io t i c s  

(e.9. actinomycin) and such dyes as a re  natural components of the ce l l  or very 

s imi la r  t o  these components (e.g. riboflavin or lumichrome). O f  i n t e r e s t  a re  

the fluorescence. s tudies  w h i c h  locate the binding of various te t racycl  incs t o  

mitochondria ( 6 )  and various macromolecules (T), for reconsideration as the 

basis o f  an assay method. More recently introduced dyes a re  thiopyronine ,(TP), 

furocoumsr jns,  and cthidiurii broinlclrt (CI!). 

Such strongly bound dyes can produce photodynaniic act ion,  which i f  

thoroughly characterized may serve fo r  spec i f ic  confirmation. Strong Sifiding 

has been demonstrated i n  single-stranded nucleic acids.  Strorrg binciicg o f  
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fluorescene dyes t o  nucleic acids czn cause decrease i n  fluorescencc efficiency, ' 

as  occurs w i t h  proflavin. Several covzlent closed cyc l ic  DKA's are  i n  v i t r o  a t  

l ea s t  superhelical ,  and a l so  show strong binding. 

D N A  d issociatcs  only whcn DNA looscs i t s  secondary s t ruc tu re  upon hcating a t  h i g h  

temperature; native DNA above 4OoC actual ly  has a higher binding capacity t h a n  

denatured DNA,  

temperature, change the conformation o f  nucleic acids,  the  extent  of  b i n d i n g ,  and 

therefore,  fluorescence eff ic iencies .  

Strongly bound acr idine t o  

Changes of  ion ic  coniposi t i  o n ,  and of concentration, as w l l  as 

ionic s t rength,  pB, detersents  and  other 

components of the external medium can af fec t  the degree of  ce l l  penetration 

by a dye. Obviously, many parameters must be evaluated before proposed dye 

systems are  considered as a prime candidate fo r  an assay method. 

The chemical 1 i t e r a tu re  on nucleic acid-dye f luorescent  sys t em shows 

The volume o f  publications i n  t h i s  area has ur,dergone the following pattern. 

a marked increase since 1967, and several books and reviews w h i c h  i n  par t  cc;ver 

the  subject  have been p u b l i s h e d  betwcen 1963 and 1972. (8) .  

l i t e r a t u r e  from 1947 t o  the present shows t h a t  major effor t  recurrently focusses 

on s. fcw systcriis, AO, and other acr i f lav ins ;  E B  (s ince i t s  introduct ion);  t h e  

Roberts-Friedkin method o f  bromination o f  thymine-containing nucleotides,  followed 

Review of the  

by the condensation of acetol and o-aminobenzaldehyde t o  give 3-hydroxyquinaldine; 

the Kissane-Robbins method of Velluz i n  which deoxyribose mers a re  reacted with 

3,5-diaminobenzoic acid (a  very sensi t ive method: 0.002 ,&g DNA), Auronine 0, 

and modifications of the '  Feulgen reaction ( a  Schiff reagent of basic fuchsin 

and sulfurous acid)  t o  give highly fluorescent products, as w i t h  Acridine-Y-SG2 

and Acriflavin-S02. Publications r epor t ing  refinements of  these methods appear 

every year. 

Acridine orange applications receive continuing a t ten t ion .  h c h  of  the  

information and theory concerning the interact ion of A0 and nucizic acids and 
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detai led analysis  of the spectra have been reviewed ( 9 ) .  

AO-DNA complexes could be used l o  dstect  double-stranded and singfe-strzr,ded 

zoncs i n  the nucleic acid ( l o ) ,  which i s  a l so  indicated by changes in the 

absorption and fluorescence spectra ,  

by such color  changes (11).  

benzpyrene serves t o  ident i fy  DNA (green) , RKA (orange r ed ) ,  and 1 ip ids  (ye1 1 ow) 

i n  the same ce l l (72 ) .  A remarkabley h i g h  s e n s i t i v i t y  i s  claimed i n  de tcc t jnq  

8 x 10-14g.@hc nucleic ac id , i . e .  - t ha t  corresponding t o  a s ing le  bacterium (13) .  

These resul t s  s h o u l d  be independently confirincd. 

The l i f e t j n e  of the 

DNA i r rad ia t ion  damage is  a t s c  detectable  

Combined fluorescence s ta in ing  w i t h  A0 ard 3,4- 

u 

Since i t s  introduction ethidium bromide, a trypanocide, has received nuch 

acids  a t ten t ion  (14) .  Unlike m o s t  acr idines ,  ( b u t  n o t  a l l )  E B  shows Gpon b i n d i n g  

t o  nucleic acids  25-fold increase i n  general fluorescence in t ens i ty  and u p  t o  a 

100-fold increase when measured a t  its maxinun emission wavelength 590 nix. The 

hyper fluorescence i s  influenced by the conformation o f  the  polymer, since EB 

b i n d s  t o  poly(viny1 s u l f a t e )  wi thout  showing an increase i n  fluorescence. I t  

rcriiains t o  be shown whet her other r i g i d rod polymcrs can produce a s imilar  

e f f e c t  w i t h  EB as  nucleic acids do .  The configurational s t a t e  of various nucleic 

acids has been examined w i t h  EE (15). 

reported w i t h  the use of EB (16).  

Improved DNA methods have been since 

!%crodeterminatiGn of nucleic acids (17 ) ,  

DNA i n  human granulocytes (18) 

bacter ia  (20), DNA inters t rand cross1 i n k s  (21 ) , and b i  he1 i c i  t y  ( 2 2 )  have seen 

most recent appl icat ions w i t h  E B  fluorometry. 

DNA and RNA i n  t i s sue  homogenates (1 9), DYA i n  

B i n d i n g  of A0 and of E B  t o  nucleic acids show spec i f i c  e f f ec t s  i n  ' 

r e l a t ion  t o  s t ruc tura l .  conformations of  nucleic acids.  In addi t ion,  t he  use of 

nuc? eases before and a f t e r  f l  uorometry , 1 ends additional confi rmzi on c f  ",e 

presence and chemical const i tut ion of the  nucicic acid subs t ra te .  

l i n e s  can be exploited t o  b u i l d  cer ta in ty  i n t o  the in te rpre ta t ion  o f  f ; b o r i r x t r i c  

Tkzse d isc ip-  

resu'l ts .  
> 
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(kJ .2. Z?,) 
B o t h  of the above methods are claimed t o  give vcry h i g h  sens iz iv i ty .  A 

If fur thcr  development for these or other dyes are  shown 

scnsi t i v i  t y  requirements, additional spec i f i c i ty  can be introduced f n t o  m y  
-e w f w u  04 Z P ~ , , ~  

method dAloss of emission in tens i ty  by using polar izers  in the opt ical  system.. 

Since t h e i r  use reduces background s c a t t e r  as well ,  the signal-to-noise need 

n o t  t o  be 1;'nited by 

$ 1  

n o t  suf fe r  the same magnitude of loss and the s e n s i t i v i t y  of  the method can be 

regained by e l ec t r i ca l  amplification. 

dyes, which show no fluorescence polarization i n  the u n b o u n d  s t a t e  -in solut ion,  

The use o f  polar izers  i s  of i n t e r e s t  because 

show a h i g h  degree o f  polar izat ion when bound. t o  DNA by in t e rca l a t ion  ( 2 3 ) .  The 

engineering requirement i s  t o  or ient  the stained-Db!A sarriple, as  by flow t h r G u g h  

a cap i l la ry .  

Acridine dyes have been investigated fo r  fluorescence polar izat ion (23) .  

Some acr idine dyes a re  non-fluorescent i n  aqueous solution and fluorescz when 

bound o r  when localized i n  viscous media ( 2 4 ) .  

faci  1 i t y  t o  permeate ce l l  s and intercal  a te  i n t o  DNA. 

w i t h  the bas ic i ty  of the  acr idine dyes. 

Acridine dyes show B good 

This facul ty  correl  a t e s  

Fluorescence, however, i n  many ccses 

i s  decreased by binding because of Forster type energy t r ans fe r .  Knobding the 

mol ecul ar parameters w h i c h  govern these processes makes a t t r a c t i v e  t h e  prospect 

of synthesizing new acr idine dyes which would naximize the best  propert ies .  

Xucleic acid-acridine complexes, including proflavin and A O ,  have been inves t i -  

gated t o  gain insight  i n t o  mechanisms o f  energy t ransfer  ( 2 5 ) ,  wh-ich, while 

detract ing from the a b i l i t y  of acridine t o  f luoresce,  contributes t o  t h e i r  

abi 1 i i y  t o  phosphoresce, o r  t o  undergo photochemical reactions ( 2 4 ) .  

scenr, s t a i n i n g  of DNA by atebrine has been used t o  dis t inguish h m z n  sperixtozoa 

bearing X ,  Y or Y Y  chromosomes ( 2 6 ) .  On the whole, tho:;;-., ~ 1 7 c  nlim?zr 7apers 

devoted t o  the use of acr idine dyes, w i t h  the notable excepcio;i o f  AO, have 

F l  uore- 

. 

decreased niarkedly. 

The Rcberts-Friedkin GNA assay (27 ) ,  the Kissane-Robins i"?bOsc assay (28) ,  
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and the Feulgen ( 2 9 )  reactions,  ( i l n d  modifications thereof) rc-ceive coctiriwd 

usage, These methods, however, introduce Qrcatcr ccinpl ex i  t i e s  w-i t h  regard t o  

automated ranote-control assays bemuse of the manipulative s teps  involved. 

Other agents reported recent:?/ which have been uscd i n  luninescence 

s tudies  a re  Aurami ne-0, and  Pwsinine-00 (30) , mal onal dehyde (31 ) , t c rb i  urn i o x ,  

which complex and fluoresce ( 3 2 ) ,  and s i l v e r  ions (33 ) ,  coriphosphin (34 ) ,  and 

berberin s u l f a t e  (35). 

E. 01 igonticleotides 

Fluorometric and  phosphoricietric tcchniqucs fo r  the dctcrciination of 

purines , pyrimidines, nucleosides, nucleotides,  cocnzyxs and  dcr ivat ive thereof 

are  a l so  receiving heavy coverage ( 3 6 ) ,  as they have for years ( 3 7 ) .  

will form cornplexes w i t h  hydrocarbons (38).  

appiicable t o  nucleic acids ,  such as has the Roberts-Friedkin and  other examples 

described above. A recent s ign i f icant  advance in this area i s  the synzhesis of 

intensely fluorescent derivatives by reaction o f  nucleic acid const i tuents  with 

chl oroacetaidehyde (39) or w i t h  glyoxal hydrate tr imer (SO). 

F. instrumentation 

?urines 

Some of these nethods may become 

The s e n s i t i v i t y  o f  an analyti'cal method depends i n  p a r t  on instrunentat ion.  

For instance,  low levels  of emission i n t e n s i t i e s  depend on col lect ion ar,d d i s -  

crimination from background noise. Improvefients have been made i s  instrumental 

technology, especial ly  developed for sone o t h e r  forms of spectrometry, such 

as with C 1 3  nuclear magnetic resonance, eniploying repept i i ive pulsing, m l t i -  

channel exci ta t ion and  detection and FoGrier transform. 

scanning o f  millisecond periods i s  achieved w i t h  comerc?a l ly  avii-ilabl? oscilio- 

S C O ~ C - S  cn?loying s i l i con  vidicon detectors.  

t o  minimize scat tered l i gh t  a n d  based u?cn p h o t o n  counting, shows for ty  f o l d  

Rapid e lec t ronic  spcctral  

An expcr?mcr,:al appura tus  dcsic;ned 

higher sensi t i v i t y ,  J i n c a r  f luoromtry with concentrations o f  q u c ~ 1 1 s  r iSof l  a v i n  
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solutions a s  low as  4 x g/ml ( 4 1 ) .  

Rather interest ing i s  the recent application of a r e l a t ive ly  new 

f l  uor’cfsccncc methodol ogy , correlation spectroscopy (42) ,  which has becn 

applied t o  DNA and EB f luorescent complex formation and t o  rhodamine 6G 

dii‘i‘usion ( 4 3 ) .  The method is  a departure from conventional fluorcsccncc 

spciiroscopy arid Incorporates several charac te r i s t ics  wh-ich, on the f dcc  of It, 

reprcsent s ign i f icant  improvements in sens i t i v i ty  and spec i f ic i ty .  

DNA and RNA determinations by the fluorescence of the EB-complex has 

been automated (44) .  

Par t  B. Experimental Report 

I . SUMHARY 

Focus on the desirable fluorescence and i n  vivo b i n d i n g  properties of 

acridine orange, proflavin and euflavin led t o  consideration of overcoming the 

problem of fluorescence quenching by nucleic acids t h a t  occurs upon b i n d i n g  

of these dyes. From this arose t he  concept o f  synthesizing binuclear acr idines .  

A i  1 eas t  one dye of the appropriate prescribed s t ruc ture  , bi s-trypafl  av i  n ,  was 

kncwn t o  e x i s t  t o  this  investigator and has been procured. 

w i t h  Dr. Adrien A1 ber t  , acknowledged authori ty  on acr idine compounds, provided 

sone additional acridines b u t  revealed tha t  most other appropriately structured 

Correspondence 

binuclear acridines will  need to  be synthesized. 

Bis-trypaflavin does not fluoresce i n  aqueous solution. However, 

conditions have been ident i f ied whereby the presence o f  nucleic aci‘ds i;,3uces 

a w a k  fluorescence. T h u s ,  like ethidium bromide, t h i s  dye shows increased . 

fluorescence upon  interaction w i t h  nucleic ac!’d. Furthermore, i c s t a d  of a 

twenty five-fold increase i n  fluorescence in t ens i ty ,  bis-trypailavjn sI1c;vs the 

amiytica’i  advantage of an intensi ty  increase from some value close *Lo zero. 

T h 2  induced fluorescence of bis-trypaflavin is  affected by pH, by dye co2cen- 

t r a t i o n ,  by the absolute and relat ive concentration of nucleic acids ,  cr;d by 
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the viscosi ty  of the medium. I t  i s  probably also affected by the ttmperature 

of the  system and  the nature of tht. nucleic acid.  These paranetc-rs rma in  t o  

be investigated in the forthcoming year,  par t ly  for  the purpose ~f rraximizing 

the 51 uorescence o u t p u t ,  b u t ,  nore i n te res t i  ngly , a lso  fo r  the purpose of 

understanding the poss ib i l i t i e s  o f  use o f  the dye as a macromolecular confor- 

mational probe of nucleic acids. 

Further improvement i n  the development of the theme involvzs 

modification of the s t ructure  o f  bis-tr'ypaflavin, focusing on the position 

and the length of the chemical bridge between the halves of the b imc lea r  

acr i  d i  ne. 

11. THEME OF N U C L E I C  ACID-INDUCED FLUORESCENCE 

Acriflavin and i t s  components, euflavin and proflavin,  a r 2  k n a n  t o  

bind nucleic acids very strongly by an intercalat ion process--in vivo 2 n d  

in v i t ro .  Acridine Orange, a closely related acr idine dye, and  otker dyss d o  

likewise. One detracting property in the use of acr i f lav in  is  the quenching 

o f  fluorescence t h a t  occurs due t o  the interact ion o f  the intercalated dye with 

the purine-pyrimide base pairs o f  DNA between which the dye is  sandwichcd. T h i s  

proposal has as i t s  thes i s  a route o f  investigation which wil l  allow the strong 

intercalat ion phcnomenon t o  take place, b u t  w S 1 1  st tcr i ip t  t o  a v d d  fluoresccricc 

quenching by use of biacridinium dyes,  - i . e .  more generally designed, by the 

use of  dyes of A-B type, wherein A represents a s t r o n g  intercalat ing moiety and 

B ritpresents a pendant dye of good fluorescent propert ies ,  and A may equal B or 

be d i f fe ren t .  

Of the various dyes which bind t o  nucleic acids ,  several hzvt l  i h 2  

ccjrzon s t ructural  feature of a cationic c-2;,--rai bindi,:g s j t e  and t ~ o  l a - k r a l  

amino groups  which a re  separated by a distance a p p o x j r i i a t i  1:s the c ~ c s s s c - ~ i m  

dianxter o f  double strandsd DNA,  ca. 71 A ( w e  Figures 1 - 3 ) .  T?.zsc! iilcludc 
0 

methylene blue, thiopyronine, ethidium broriiide, a s  well as Auramfz?  0 L;-,G the 
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acridines mentioned above. 

c r i t i c a l  t o  s t rong  nucleic acid b i n d f n g .  

pyrimidine base pa i r s ,  and Figure 3 shcvrs one half o f  a biacridiniux dye, 

d r a w  t o  scale.  The dotted l ines  and cross tha t  a r e  drawn over Figures 1 and 

2 i l l u s t r a t e  three o f  several orientations tha t  a 3,6-diaminoacridir4e m y  assuze, 

The positions o f  thcse three n i t r c s x  a t o x  appears 

Figures 1 and 2 s k o ~  t w o  p u r i c e -  

b u t  d i f f e r  in rotat ion about the center cross. 

a t  which the quaternary nitrogen of the dye may replace one pro to:^ t h a t  i s  

norm1 ly  delocalized between a base pair  of  n i t r G g e n  atoms. 

the additional consideration of spacial accomodation of  the regaining bulk o f  

thc dye molecule. 

The cross represents the p o i n t  

Biacrjdines present 

I n  or ientat ion 1 ,  Figure 1 ,  i t  can be s e a i  tha t  t h e  penc;i;: ha:f f inds  

rooin i n  the region o f  the deep grove of the D?!A helix,  probably w i I n  s c m  

t i l t i n g  o u t  of plane. 

halves o f  the dye may be lengthened by appropriate synthesis.)  

( I t  should b2 rennernbered t h a t  t hs  bridge be.ween the two 

In or ientat ion 2 ,  Figure 2,  i t  can be seen that  the pendant half  i s  

i n  s t e r i c  conf l ic t  w i t h  the a t o m  of the polymer backbond. 

orientation i s  excluded t o  biacridines, b u t  n o t  the monoacridinc dyes with 

which we are  familiar.  

H C R C C ,  t h i s  

The three n i t rogm atoms o f  acr i f lav in  l i e  on a s t r a igh t  l i ne .  

Consequently, the pendant half may merge i n t o  the free region o f  the DNA 

groove a t  one of two sides o f  the halix. 

The intercalat ion process i s  pictured as a s l i gh t  expansion o f  the 

hellx w j t h  an inser t ion o f  the dye betwen layers for& by thhe b;se pzfrs .  

T h i s  brings the aromatic 7-bonds i n t o  close overlzp, kncwn as " s t zck ing" .  

Tkc acndac t  g roups ,  if juxtapcscc! wctl'ld 5 2  KO cfoscr than t:\:ics -:,x c . ; ~ - k t x z  

betxzen dye ar,d base pair .  

he1 ix ,  r:ould be no closer  than f o x  t i r e s  this disxcance. 

a c i d  r a t i o  of concentrations is  kept low, t h e  pccdant dye halv2s vould >e e v ~ z  

Atid, i f  four.C; a? te rna ie?y  on op,=osite sicks CY the  

As -ti'.? c - ~  ?/r,,.z-eic 
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ishea by spectral and intensity shifts .  This proposal intends t o  examine the 

f lwrescence o f  the pendant groups  a t  v a r i o u s  dye/nucieic acfd ra'i-ios, f o r  

bfacridines joined a t  C ( 9 ) - C ( 9 ' ) ,  and fo r  the y e t  unlwown dimeric dyss 

joined by a bridge attached t o  the 3-amino group:  s t ructures  with (X) vs. those 

w i t h  ( Y ) ,  resp. ( c . f .  - Figure 3 ) .  

This project should fur ther  i l l uc ida t e  the orientation o f  the dye 

moiety i n  the base pair  sandwich, from i t s  spectral  properties. 

acr i f lavin has two major orthogonal vectors (see i x e r ; ,  Figirre 3 ) .  A chaiI52 i n  

or ientat ion,  by rotat ion about the k l i c a l  axis  must a f f ec t  the spcctrii? shjf ts  

c b s r v e d  upon intercalat ion.  

pr?-fc.r@d f o r  monomeric dye, - d . e .  ac r i f l  avi n ,  b a t  tha t  the correspori~i zg 

biacridine can only in te rca la te  t h r o u g h  an orientation orthogonal t c  thjs ,  

e.9. orientat ion 3 .  

Resomnce i n  

Let us assune t h a t  orjentat-ion 2 (Figure 2 )  i s  
,. 

The spectrum o f  bour;d dye should show aistifici-ive d i f fe rmces .  - 
While orientation 2 i s  precluded s t e r i c a l l y  fo r  a 9-9'-biacridineY i t  

i s  ii feasible  orientation for M-bridged, 3-aninosubstitutc ' J iacr idine,  

"Y''-typst, Figure 3 .  

the 3-amino groups w i t h  a,w-dibronoalkanes o f  var'ous alkyl lengths. These 

.?. 51 
Hence, the interesx i n  couplinq iro euflavin rr.olecules a t  

# 

cc!.:;ounds have never been made before. 

T h s ,  a spin-off benefit  may be derived frorn these syntheses. 

expxted  t h a t  such b iwclear  binding d y s  nay ac t  t o  physicaliy crosslink 

Tt;ey nay have physiological d r u g  action. 

I t  m f g k t  52 
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chanTes for the two major resonance V ~ C ~ G ~ S  of ac r i f i av in ,  ~ z d  t o  ;be p f k c h  cf 

:;-,e deep groove o f  the DNA helix. 

d i f fz ren t  nucleic acids and f o r  single and  t r i p l y  stranded ?oiynuc;zotldcs. 

Finally,  a spinoff benefi t  from the drtig screening of any riew b i x r i d i n c s  i s  a 

poss ib i l i ty .  

I I I .  EXPERINENTAL PROGRESS 

Sich rzsiilts v m l d  t i ~ i ~ ~ b t & l y  vary fa- 

T h e  s t ruc tures  of bis-trypaflavin and proflavin are:  relsted cls a 

dimeric and monomeric form o f  the same s t ruc ture ;  t h i s  relationshi? i s  vLlid 

a t  values of pH below 9 ,  a t  which the oitrogen o f  proflavin i n  t h s  10-position 

i s  protonated i n  analogy with charged 10-sethyl-nf trogen of bis-trypaflcvin.  

B o t h  dyes were submitted t o  parallel  spectral  ifivestigation f o r  puri;oses of 

conparison i n  expectation of s m e  s i s ' l a r5 t ies .  

I n i t i a l  examination of these dycs was carried o u t  a t  pH va iues  3-4. 

Proflavin exhibi ts  intense fluorescence 2s a mmo-cation; i t s  pKa ccnstznts a t  

room temperature are  reported as 9.7 (centyal nitrogen atom a t  posi'iicjn 10) and 

( a .  1 . t j  (fir:,: of t w o  niiiitio (jroiip+, tli i . r ' oc j r *n  iliorii:, fit.  IO-, i i , ior l - ,  3 a w i  0 ) .  

reports t h t  prof1 d v i  n ,  when bound t o  i-lticicoprotei n ,  shows n~ax l i~ ,u~ i i  fluorescence 

around pH 4 (45). 

[k: i!r-uyri 

Absorp t ion  spectra of both dyes w r e  obtained on a Cary 1 4  scsrar,;r.g 

spectrophotometer a t  pH values -0.3, +2, 4 a n d  10,  a t  the concei7kr;tion l w e l  o f  

 IO-^ mo1/1. 

Beer ' s 1 aw w i  t h  increasing ccnccntration as regards wav2 length tii s-cri L L ~ ;  cn 

o r  the nolar  absorbance index, over a range of concestrations from 2 x i 0  

Proflavin - i n  aqueous solution a t  p~ 4 s i x x s  no deviation 
. .  

-6 



s2iccted ranges of pH will b 2  dstcrxinzd, as an essenti21 s t e p  i n  ti;c t i80rcur jh  

d2f; 'n i  t i o n  of  the lunjrxscenc3 p r q x f A t i  es o f  rhcsc two dyes.  

The p o i n t  which Shou ld  b2 mkde !ere j s  thst ,  a l tho t igh  the cbs3r;)ticn 

spectrum o f  proflavin, by exanpie, r?m.ins constant h t  one concen-crctian level 

. i ; h r ~ s . c ; h ~ ~ i t  the range o f  the  nono-cation (ca.  - Z-g), the fluorescence s k x  no 

suck rzstriction, beczuse, uniikz 

s t ~ x  will have i t s  own properties.  

as x n y  2s f i v e  orders of  magnitude s m l l e r  t h a n  t h a t  of the grclind stax?. 

SiLii? a r l y  , i t s  tendeacy t o  sel f - a y j r q a t ?  may a1 so d i f f e r .  

cji.uxid sbL;ltc 6.r' tiic? CIp, G c  L x c V x d  

For instancz,  i t s  lz rges t  pK- may be 
U 

A t h o r o u g h  col1 cction 

of  spectral  d a t a  i s  a n  essent ia l  prercqajsitc. 

The absorption spectra o f  proi'lavin and bis-trypafidvin 2 ;  p% 4 are  

si?o\;z i n  Figures 4-A and 4-B, res?.  

b u t  c i f f e r  i n  t h a t  the spectrum of bis-trypaflavin shows maxim z t  :o:;gztt 

wave;eaSths. E o t h  dyes show absorpt-ions i n  two spectral  regions: 

and ~ k e  v i s ib l e  range; both these r2ngc:s m y  swve  fo r  exci ta t ion o f  the dyes. 

I t  i s  seen t h a t  t h e  spectra a rc  s fmi la r ,  

the u l t r av io l e t  

The fluorescorxc of p r o f l a v i n  a t  $ 4 vias exa ined  22 a specizl iy  

constructed Perki n-Elmer scarini ng , s-i ~ 5 1  e-beam spectrophotoff uorfm'ier , Xsdel 

135 of the Slavin-Palumbo type ( 4 6 ) ,  which autcnat ical ly  records corrected 

s22ctr-a- A sckcxatic dfagram i s  i n  Ffgurc 5. The 

o f  p:-ofiavin closely mfinics the absorption sp&ctrm o f  th5s dye; h.u:.;evcr, 

exc-i-katicn of  the vis-iSle absorption baed (Xmax=445 nrn) i s  cons;lcrzbly 1;'i3rc 

e f f x t i v t ?  i n  prociuci ng a neasurabi e f l  ucrescence. Both 1 mi nesccxt3 spectra 

are shotin in  F igur i l  4-A. 
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LI L ~ C  iength and the  position o f  the (;';omit brfdge bc';::lecn the tv;o i::lvcs ~f the 

Sinuc!ea;n dye need t o  be varied,  i n  c r d w  t o  f u l l y  explore thfs nsvzl t h m z .  

Contfnuaticn of grmt suppor t  for another year will  alicw t h e  exploraticn of 

s o x  o f  t k s e  features .  

LEGENOS TO FPGClRES 4 AND 6 

F i g u r e  4. A. Prof l av in  Spectra. Cl;rves B, C and  D a r e  zbsorp'cicn spectra:  

B a t  pH 4.0, C a t  pH 7 .0  and D a t  pH 10.0., Ctirve E i s  :hs 

excitation spectrum a t  pli 4 ;  observed 

i s  the fluorescmce spectrum a t  p!i 4; xeXc.= 445 E;. 

USs-Trypaflavin A b s o r p t i o n  Spectra. 

= 505  in. Curve F 

13. A a t  pti -0.3, I3 ~t $i 4.0, 

C a t  pl1 7.0 and D a t  pH 10.0; a l l  a t  q u a l  coimz, t ra t ions.  

F i g w e  6. Sis-Trypaflavin Luminescence S p w t r a .  

A .  In the prese~ce  o f  3 9/1  inticle5: acid a t  pH 4.3; CCZX. ;noi / l .  

B. In  glycer in ,  f n   ti?^ prese~;ce or" $4 4 - b u f f c r .  

6A-1. Fluorescence, xexc.= 475 na; 6'4-2. Excitatfon, X f l  . = 57 3 .  fir:; 

6A-3. Fluorsscence, X z X c  =C,'/5 nn. ~ , w v e  H :  concn. 10-5 KG?/I; c c r v e  
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